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Writing on paper is essential to civilization, as Pliny the Elder remarks
in his Natural History, when he describes the various types of papyri,
the method of manufacturing them, and all that concerns writing
materials in the mid-first century AD. For this reason, a rigorous
scientific study of writing is of fundamental importance for the
historical understanding of ancient societies. We show that metallic
ink was used several centuries earlier than previously thought. In
particular, we found strong evidence that lead was intentionally used
in the ink of Herculaneum papyri and discuss the possible existence
of ruled lines traced on the papyrus texture. In addition, the metallic
concentrations found in these fragments deliver important informa-
tion in view of optimizing future computed tomography (CT)
experiments on still-unrolled Herculaneum scrolls to improve the
readability of texts in the only surviving ancient Greco-Roman library.
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The development of alphabetic writing is one of the crucial
steps in the history of Western civilization (1). Starting from

the earliest examples, the writing that Greeks imported from
Phoenicia is characterized by a quite regular layout, with letters
evenly written between imaginary parallel lines (2). Capital let-
ters, initially found in Greek manuscripts, then in Latin docu-
ments, and later in all of the languages based on Roman scripts
(such as most Western and Central European languages, as well
as many languages from other parts of the world), are based on
this bilinear characteristic (3). If ruling lines is a well-established
practice for writing on parchment supports in the Middle Ages
(4), it is generally recognized that they were not necessary in
papyri, the fibrous structure of which has been deemed sufficient
for enabling the good alignment of written lines, even if their
horizontal spacing was sometimes marked by a series of vertical
dots. Eric G. Turner (3) argued that some material, no longer
visible, was perhaps used for ruled lines on papyri; however, this
claim cannot be supported by material evidence in the present
state of paleographical knowledge (3, 5).
The same historical considerations apply to the chemical

composition of the inks used in antiquity. Pliny the Elder care-
fully describes the carbon-based ink used in his time, which was
obtained from smoke from wood burnt in furnaces, without any
deliberate addition of metal (1). In the case of the most ancient
manuscripts, and particularly the literary papyri both in Greek
and Latin, it has been assumed that the ink used for writing was
carbon-based, at least until the fourth to fifth centuries AD (4, 6,
7). The occasional use of metallic ink before this period has
been known: it is reported to be used for writing secret mes-
sages in the second century BC (8), and Pliny remarks that
papyrus soaked in tannin turns black after contact with a so-
lution of iron salt (1). Moreover, Wagner et al. demonstrate the
use of metal in inks in an ancient Egyptian papyrus (9), al-
though none of those special inks has ever been mentioned in a
Greco-Roman calligraphic context. However, a metallic iron-
gall mixture was definitely elaborated and then adopted as a
new writing ink for parchments beginning from around 420 AD
(10, 11), because for this different kind of support, another,

more adherent, ink was required. Thereafter, metallic inks
became the standard for parchments in late antiquity and for
most of the Middle Ages (4, 7).
In this work, we study the chemical composition of papyrus

fragments carbonized by Mount Vesuvius’ eruption in 79 AD
and found in the Villa dei Papiri at Herculaneum between 1752
and 1754. Some fragments from the villa were analyzed on sev-
eral occasions (12–14). In ref. 14, no metal was found, contrary
to in refs. 12, 13, in which Seales et al. found lead and strontium
in the ink at relatively high concentrations. Unfortunately, the
analysis, which was made on several spots of 0.5 mm, did not
include any elemental mapping. In this work, we address the
issues left open in ref. 14 by a careful and detailed chemical and
structural analysis of two fragments, using nondestructive syn-
chrotron X-ray based techniques. The two multilayered frag-
ments that were analyzed are of different sizes and come from
the Institut de France’s collection in Paris, which is composed
of six Herculaneum papyri donated by the King of Naples to
Napoleon Bonaparte in 1802.
To resolve the chemical composition of the ink and papyrus

texture in the fragments, a scanning X-ray fluorescence (XRF)
experiment was performed at the ID21 beamline of the Euro-
pean Synchrotron Radiation Facility (ESRF), Grenoble, France.
Via this technique, the identification of the principal constituent
elements of the ink and papyrus support was possible. Both
fragments are close to being flat, made of several layers, and on
one surface, black letters are (barely) visible (Fig. 1 A and D).
They were scanned using X-ray beams of different sizes, from a
submillimeter down to a micrometric scale. The details of the
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different acquisition parameters are described in the Supporting
Information.

Results
Fig. 1 shows a comparison between photographs taken in visible
light, infrared (IR) microscopy, and XRF mapping obtained at
the M-edge of lead for both fragments. The photograph in visible
light was taken using a standard digital single-lens reflex camera.
For the IR setup, we illuminated the samples with an IR light of
940 nm wavelength and captured the reflected image (details in
Supporting Information). XRF maps were obtained by raster scanning
the samples using a 50-μm pinhole beam and 50-μm steps. The maps
of the different elements were extracted using the PyMCA code (15).
In Fig. 1, the letters are clearly readable both under visible

light and in IR photographs: in the larger fragment, the letter
contours are sharper in the visible light range (Fig. 1A), whereas
in the smaller fragment, the contrast is slightly enhanced in the
IR photograph (Fig. 1E), a well-known feature that is widely
exploited by specialists working on Herculaneum papyri (16).
The XRF maps highlight letters especially in the larger sample;
this means that for Herculaneum fragments that are difficult to
read, the use of spectrometric techniques sensitive to lead may
render the writing more clearly.

Thanks to an iterative Monte Carlo simulation (17), the mass con-
centration of lead in the letters can be estimated to be 84 ± 5 μg/cm2

for the larger sample and 16 ± 5 μg/cm2 for the smaller one.
These fairly high concentrations of lead cannot be attributed only
to lead contamination of water from Roman aqueducts (18) or
from a copper inkpot or a bronze container (Supporting Information).
This level of concentration implies that a lead-bearing mate-

rial was intentionally introduced in the ink production process.
This would deeply modify our knowledge about the ancient
Greek and Roman inks, as it is generally admitted that metal was
not introduced before the fourth to fifth century AD.
For a deeper evaluation of the chemical composition of the

ink, we present in Fig. 2 the different elemental maps obtained
for the larger sample. The red and green frames delimit XRF
maps obtained at different resolutions, 10 and 1 μm, respectively,
on small written zones identified by the color rectangles in
the images.
From Fig. 2, it is clear that lead is the best discriminating el-

ement between ink and papyrus. At low resolution, lead (Pb),
phosphorus (P), chlorine (Cl), and aluminum (Al) seem well
colocalized, whereas the codistribution of sulfur (S) is difficult to
see, and magnesium (Mg) does not show any correlation with the
ink. At very high resolution (green frame inset), Al is not colo-
calized with Pb; Cl, Pb, and P seem strongly correlated, even if a
high concentration of P can be found in other places.
Let us note that places with a greater concentration of Pb in-

dicate the points where the scribe began and ended individual pen
strokes, leaving a small ink blob that is not clearly visible to the eye.
The presence of Pb in the ink may be explained by several

hypotheses. Pb could have been used as a pigment; for instance,
lead sulfide or lead white (a mixture of lead carbonate and lead
hydroxyl-carbonate) were frequently used in ancient times as
pigments for cosmetic products (19). In addition, Pb could
originate from a binding medium in the ink: Pb compounds such
as litharge (PbO) have been extensively used in paintings, as they
speed up the process of oil drying. Pliny does describe the use of
minium (red lead) in books, but only for writing specific letters.
These hypotheses are being tested by further experiments and
will be discussed elsewhere (20).
The reason why no contrast based on the Pb concentration was

observed in the phase contrast experiment reported in ref. 21 is
possibly because of a different chemical composition of the ink.
Individual scribes concocted their own inks, and one can expect
variations in the materials they used. Moreover, the papyri in the

Fig. 1. Comparison of visible light photographs (A and D), infrared mi-
croscopy images (B and E), and lead distribution maps obtained by XRF (C
and F) for both of the examined Herculaneum papyrus fragments. XRF maps
were normalized by the incident flux and are in arbitrary units.

Pb

1mm

P Cl

Al S Mg

Pb P Cl

Al S Mg

Pb P Cl

Al S Mg

0

0.11

0

0.09

0

0.03

0

0.04

0

0.02

0.09

0

Fig. 2. Micro-XRF images of elemental distributions at low resolution (Left, 50-μm beam and mesh scan step size) and high resolution in the red frame (10-μm
beam and mesh scan step size) and at very high resolution in the green frame (1-μm beam and mesh scan step size). Maps were normalized to the incident flux
and are in arbitrary units.

3752 | www.pnas.org/cgi/doi/10.1073/pnas.1519958113 Brun et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1519958113/-/DCSupplemental/pnas.201519958SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1519958113/-/DCSupplemental/pnas.201519958SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1519958113/-/DCSupplemental/pnas.201519958SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1519958113/-/DCSupplemental/pnas.201519958SI.pdf?targetid=nameddest=STXT
www.pnas.org/cgi/doi/10.1073/pnas.1519958113


Herculaneum library were written over a period of more than
3 centuries, and thus their composition and fabrication are likely
to have evolved.
Some horizontal lines delimiting the height of letters were

observed in the samples and appear in the Cl, S, and Mg maps
because of the contrast with the papyrus support. Diverse ex-
perimental means were used to ascertain that the lines are
formed of the fibers of the papyrus itself, and thus were used as
guides by the scribes, rather than being deliberately introduced
in a process of ruling. The general belief is that ruled lines were
only traced on papyrus at the beginning of the third century AD
(6). In Fig. 3, we present additional silicon (Si) XRF maps along
with Pb XRF maps for both recto and verso of the larger sample,
as well as X-ray diffraction (XRD) images in transmission ge-
ometry, which reveal the presence of cristobalite, a mineral for
which the formula is the same as that of quartz (i.e., SiO2). The
XRD experiments were performed at the ID11 beamline of the
ESRF on a portion of the larger sample (details in the Supporting
Information).
The XRD cristobalite map, obtained in the volume through

the full thickness of the multilayered papyrus fragment, shows
mainly horizontal lines (the images shown in the figures are
slightly tilted) that match perfectly the observed Si XRF lines.
The distance between two of these lines coincides with the size
of letters in the lower row, whereas papyrus fibers are spaced
more tightly. Moreover, one can find neither horizontal lines
on the verso of the sample nor vertical lines on both sides of
the sample. Note that because the XRD measurements were
made in transmission mode, additional horizontal lines appear
as a result of the sample consisting of several papyrus sheets. In
addition, some lines are evident in the IR images shot at 1-μm
resolution on both samples, as shown in Fig. 4. The selected
zone for the larger fragment has to be compared with the red
frame zone in Fig. 3C. Cristobalite and the infrared visible
lines coincide.
To confirm that the lines we found belong to the natural

papyrus fibrous pattern, an additional XRF experiment was

performed on two samples of modern papyrus: one fresh and one
carbonized in an oven at 200 °C in vacuum. Fig. 5 presents Si and
P maps for both modern samples and the larger ancient fragment.
It is clear that horizontal lines are visible in all of the six images,
meaning the lines in the fragments are probably the signature of
cristobalite (22) naturally produced by the papyrus plant. The Si
lines are more striking on increasing the temperature, whereas
the opposite occurs with the P map because of the carbonization.
As a consequence, the visible lines in the Herculaneum fragments

appear to be natural as well (5).
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Fig. 3. XRF and XRD maps obtained for the larger fragment. (A) Si XRF maps for the recto of the sample and (D) for its verso, (B and E) Pb XRF maps, (C) XRD
cristobalite map superposed on the Pb XRF map, and (F) XRD cristobalite map on the portion of the sample defined by the red region of interest in C. The
maps are normalized to the incident flux and are in arbitrary units.

Fig. 4. Close-up in the microscopic IR image of the smaller fragment (A and
B) and of the larger one (C and D). The close-up areas are labeled by red
rectangles, and the ruled lines are indicated by yellow arrows.
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Discussion
To conclude, we have demonstrated that in the ink present on
two Herculaneum fragments there is a high concentration of
lead, and that the scribes used straight and thick horizontal pa-
pyrus fibers to guide the writing of letters in straight lines. The
finding of metal in the ink radically modifies our knowledge of
Greek and Latin writing in antiquity and might strongly influence

the analysis of unopened papyrus rolls (21) and other ancient
manuscripts. In our previous study (21), where X-ray phase
contrast tomography was applied to unrolled Herculaneum
scrolls, we first assumed that the ink was carbon-based. However,
its actual chemical composition can strongly influence the choice
of the imaging technique to be used and the wavelengths to be
selected. Both of these findings may have some effect on other
archaeological studies. For instance, Canevali et al. (23) ana-
lyzed black powders found in Pompeii’s excavations to verify
whether these powders were remainders of ink or make-up.
Despite the presence of metals such as lead, they rejected dif-
ferent powders as candidates for writing inks primarily according
to the archaeologists’ assumption that at those times, in the
Greco-Roman world, carbon-based inks without lead compounds
were used exclusively.
The results of the present study push back by several centuries

the introduction of metal into ink during the Greco-Roman
period. The concentrations of metal found in the ink of the
fragments we investigated provide evidence of an intentional
practice and will aid in optimizing future tomographic experi-
ments on undisclosed Herculaneum scrolls. More extensive re-
search using other fragments from Herculaneum (whenever
available) must be undertaken to assess the extent of presence of
lead in the inks.
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